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ABSTRACT
A two-year study was conducted to evaluate the possible interaction between
rotational crop herbicides and herbicides used in water-seeded rice culture. Rice growth
and yield reduction with rotational crop herbicides were not affected by the rice
herbicides. However, the combination of molinate or thiobencarb with fluometuron,
imazethapyr, metolachlor, or norflurazon at low residue levels further reduced rice
heading compared with the corresponding rotational crop herbicide alone. Fluometuron
and metolachlor residues at 1 to 2 half-lives have potential to injure rice and reduce rice
yield in a water-seeded culture. Norflurazon injured rice and reduced rice yield at a
residue level as low as 4 half-lives, thus has greater carryover potential to water-seeded
rice. Compared with the other rotational crop herbicides, imazethapyr exhibited the
lowest carryover potential to rice in a water-seeded culture.
Greenhouse and field studies were used to compare the response of drill- and
water-seeded rice to simulated carryover of the rotational crop herbicides. In the
greenhouse study, greater reduction in emergence and shoot dry weight was observed
with metolachlor and imazethapyr in drill- compared with water-seeded rice. In the field
study, rice was injured with imazethapyr residue at 1 half-life in drill-seeded culture.
Metolachlor at most residue levels caused much greater injury and yield reduction in
drill- compared with water-seeded rice. However, norflurazon residue at 2 or 3 half-lives
caused greater yield reduction in water-seeded rice.
A greenhouse study was conducted to evaluate the effect of soil moisture on
activity of imazethapyr applied preplant incorporated (PPI) or postemergence (POST) at
vi
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35 and 53 g ha'1. Response of bamyardgrass and red rice to imazethapyr PPI was affected
by soil moisture. A reduced activity of imazethapyr PPI on bamyardgrass and red rice
was observed at 50% soil moisture. Imazethapyr PPI had little activity on hemp sesbania.
Imazethapyr activity on all three weeds was increased when applied POST compared with
PPI. Activity of imazethapyr POST on bamyardgrass and red rice was generally not
affected by soil moisture or application rates. Greater activity of imazethapyr POST on
hemp sesbania was observed at soil moisture of 19 and 25%.

vii
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CHAPTER I
INTRODUCTION
Rice (Oryza sativa L.) is second largest crop in the world. It is the main caloric
source for approximately 40% of the world’s population and provides 75% of the caloric
intake of over 2 billion people in Asia (De Datta 1988). This grain is grown in over 100
countries on every continent except Antarctica, extending from 53° north to 40° south and
from sea level to an altitude of 3,000 m (Juliano 1985). It is predicted that by the year
2000 rice will be the chief source of energy for the world, thereby surpassing wheat
(Triticum aestivum L.) (Chang and Luh 1991). In 1998, 567.3 million metric tons (mmt)
of rice were produced worldwide and 8.2 mmt in the United States. About 34% of U.S.
production was exported in 1998, accounting for 15% of the total world trade in rice
(Johnson et al. 1999). Arkansas, Louisiana, California, Mississippi, Missouri, and Texas
are the major rice producing states in the United States.
In the southern United States, rice is commonly grown in rotation with other
agronomic crops, including soybean (Glycine Max L. Merr), grain sorghum [,Sorghum
bicolor (L.) Moench.], and cotton [Gossypium hirsutum (L.) Merr.] (Johnson et al. 1995).
Crop rotation can enhance physical and nutritional properties of soil, and is often used as
a management practice to improve weed, insect, and disease control (Delorit et al. 1974).
Continuous rice cropping may cause the buildup of certain pests (Mikkelsen and De
Datta 1991). Stem rot, a rice disease caused by Sclerotium oryzae, that is more serious in
fields that have been in rice production for several years, and can be reduced by crop
rotation (Groth et al. 1999). Red rice (Oryza sativa L.) is difficult to control during the
1
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2
rice growing season due to its biochemical and physiological similarity to cultivated rice
(Khodayari et al. 1987). Rotation of rice with upland crops such as soybean has allowed
the control of red rice during the soybean cycle, which has reduced red rice population in
the subsequent rice crop (Griffin et al. 1986; Smith 1979).
In addition, crop rotation in combination with herbicide rotation is a very effective
in delaying development of herbicide-resistant weeds (Rubin 1991). The distribution and
number of herbicide-resistant weeds have increased rapidly throughout the world in
recent years (LeBaron 1991). The development of herbicide resistance is predominantly
associated with monocultural crops, intensive use of herbicides, and reduced cultivation
(Rubin 1991). The frequent use of propanil [N-(3,4-dichlorophenyl)propanamide] for
rice weed control has resulted in development of propanil-resistant bamyardgrass
[Echinochloa crus-galli (L.) Beauv.] and junglerice [Echinochloa colona (L.) Link]
(LeBaron 1991).
There are some disadvantages associated with crop rotation. One of those is the
potential carryover of herbicides to the subsequent rotational crop. Fluometuron {NJVdimethyl-iV,-[3-(trifluoromethyl)phenyl]urea} is a substituted urea herbicide widely used
in cotton to control broadleaf and grass weeds (Dowler and Hauser 197S). Fluometuron
is phytotoxic to most crops other than cotton (Jackson et al. 1978). Fluometuron is
considered moderately persistent and has an average field half-life of 85 d (Bouchard et
al. 1982; Wauchope et al. 1992). A soybean crop was injured 9 wk after fluometuron
application at 1.7 kg ha'1(Jackson et al. 1978). Fluometuron residues were found to
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injure rice, soybean, and cucumber (Cucumis sativus L.) planted the same season of
application (Rogers et al. 1986) and wheat planted the following fall (Kendig and Talbert
1989). Fluometuron at 2.24 kg ha*1applied to cotton the previous year injured rice, but
rice yield was not affected (Johnson et al. 1995).
Imazethapyr {2-[4,5-dihydro-4-methyl-4-( 1-methylethyl)-5-oxo- l/f-imidazol-2yl]-5-ethyl-3-pyridinecarboxylic acid} is a broad-spectrum herbicide that controls many
annual and perennial grass and broadleaf weeds when applied preemergence (PRE) or
postemergence (POST) in soybean(Kent et al. 1991). Imazethapyr can persist up to 36
months in soil at concentrations that can injure flax (Limrn usitatissimum L), corn (le a
mays L ), meadow bromegrass (Bromus erectus Huds.), mustard (Brassica juncea L.
Czem. & Coss), sunflower (Helianthus annuus L.), timothy (Phleum pratense L ), and
wheat one year after application; canola (Brassica napus L.) two years later; and
sugarbeet (Beta vulgaris L.) and potato (Solanum tuberosum L.) up to three years later
(Moyer and Esau 1996). Johnson et al. (1993) reported imazethapyr residues injured
com, cotton, grain sorghum, and rice 52 wk after application in one year of a two-year
study. Imazethapyr caused early-season injury to rice planted the following year;
however, rice recovered within 2 wk with no yield reduction (Johnson et al. 1992). Com
response to imazethapyr residues has varied (Curran et al. 1991; Curran et al. 1992).
Metolachlor [2-chloro-Ar-(2-ethyl-6-methylphenyl)-Ar-(2-methoxy-1-methylethyl)
acetamide] is a chloroacetamide herbicide used early preplant, preplant incorporated
(PPI), or PRE at 1.4 to 4.5 kg ha*1in com and soybean or at 0.84-2.24 kg ha*1in cotton to
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control yellow nutsedge (Cyperus esculentus L ), small-seeded broadleaves, and grass
species (Ahrens 1994). Field half-life of metolachlor is 3 to 5 months (Wauchope et al.
1992). Metolachlor is often used to control red rice in soybean in order to reduce red rice
infestation in the subsequent rice crop (Griffin et al. 1986; Khodayari et al. 1987). Rice
was injured due to carryover of metolachlor applied to soybean the previous year
(Braverman et al. 1985). Metolachlor at 0.2 pg g'1resulted in stunted rice plants with
dark green foliage, but plants resumed near normal growth after 6 wk (Braverman and
Lavy 1982). In other studies, metolachlor did not reduce rice grain yield when applied to
soybean the previous year at recommended rates (Griffin and Robinson 1989; Kurtz and
Snipes 1987).
Norflurazon [4-chloro-5-(methylamino)-2-(3-(trifluoromethyl) phenyl-3 (2//)pyridazinone] is used PRE at 0.56 to 2.24 kg ha*1in cotton and 1.12 to 2.24 kg ha*1in
soybean to control annual grasses, sedges, and broadleaf weeds (Ahrens 1994).
Norflurazon has moderate to long residual with a half-life of 45 to 180 d in the southern
United States (Ahrens 1994). Norflurazon at 1.1 and 2.2 kg ha*1injured wheat, grain
sorghum, and corn 14 mo after application, and sequential applications of norflurazon
increased its residue level and rotational crop injury (Keeling et al. 1989). Bams and
Lavy (1991) reported that rice yield was reduced by a norflurazon concentration of 710
t)g g*1in soil in a simulated carryover study. Results from a two-year carryover study on
silt loam and clay soils indicated that norflurazon injured rice and reduced rice dry matter
on both soil types; however, rice yield was not affected (Johnson et al. 1995).
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Plant injury caused by carryover of herbicides is basically due to the fact that
herbicide residue in the soil is absorbed by plant roots or shoots and transported to the site
of activity, negatively interfering with the normal plant metabolism. Any factor that
affects part of this whole process will potentially influence the degree of injury. Weed
control and cultural practices in rice may affect carryover potential of rotational crop
herbicides to rice.
Herbicidally active compounds may interact with each other and result in
synergism or antagonism (Devine et al. 1993). Bensulfuron {methyl 2-[[[[[4,6dimethoxy-2-pyrimidinyl)amino]carbonyl]amino]sulfonyl]methyl]benzoate}
detoxification rate in rice was increased with the presence of thiobencarb {S-[(4chlorophenyl)methyl] diethylcarbamothoioate} (Taketomi et al. 1986). Ladlie et al.
(1977) reported that on a high pH soil soybean treated with trifluralin [2,6-dinitro-MArdipropyl-4-(trifluoromethyl) benzennamine] plus metribuzin [4-amino-6-(l,ldimethyllethyl)-3-(methylthio)-l,2,4-triazin-5(4//)-one] was injured less compared with
metribuzin alone. Results from greenhouse studies indicated that trifluralin also
protected soybean from atrazine [6-chloro-Ar-ethykV’-( 1-methylethyl)-1,3,5-triazine-2,4diamine] injury. This was due to a reduction in uptake of atrazine and metribuzin as a
result of the reduced root development caused by the trifluralin. A bioassay study with
rice root length as indicator showed a synergistic effect with trichloracetic acid plus
diuron [A’-(3,4-dichlorophenyl)-ArW-dimethylurea] but an antagonistic effect with 2,4-D
[2,4-dichlorophenoxy)acetic acid] plus diuron or amitrole (l//-l,2,4-trizol-3-amine)
(Hardcastle and Wilkinson 1970). O’Donovan and Prendeville (1976) reported reduced
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foliar injury with trifluralin mixed with atrazine, simazine (6-chloro-N,N’-diethyl-1,3,5triazine-2,4-diamine), prometryne [NJF -bis( 1-methylethyl)-6-(methylthio)-1,3,5-triazine2,4-diamine], or linuron [AT-(3,4-dichlorophenyl)-Ar-methoxy-jV-methylurea] when
applied to a 5-cm root region of vetch (Vicia sativa L.), pea (Pisum sativum L.), and
soybean. Molinate (S-ethylhexahydro-1/f-azepine-1-carbothioate), quinclorac (3,7dichloro-8-quinolinecarboxylic acid), and thiobencarb are rice herbicides commonly used
PPI, PRE, or early postemergence (EPOST). Little information is available in respect to
influence of these rice herbicides on carryover potential of fluometuron, imazethapyr,
metolachlor, and norflurazon to rice.
Rice response to herbicide carryover may be affected by seeding methods. Drillseeding and water-seeding are both used in Louisiana rice culture. In drill-seeding, dry
rice seeds are planted into the soil at a depth of about 1.5 to 2.S cm, and the permanent
flood is usually not established until rice reaches 4- to 5-leaf. Water-seeding is widely
used in southwest Louisiana as a cultural method to reduce red rice infestation (Dunand
1988). In water-seeding, pregerminated rice seeds are aerially sown into flooded fields
and allowed to sink to the soil surface. Water-seeded rice is under flooded conditions
almost the entire growing season with the exception of a 4 to 5 d drainage period to allow
for seedling establishment. Compared with drill-seeded rice, water-seeded rice develops
a shallow root system due to a continuously saturated soil condition, and a reduced
coleoptile length during seedling emergence due to seed placement on soil surface
(Dunand 1999). These differences may influence the response of rice plants in the two
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seeding systems to herbicide carryover by affecting herbicide concentration in soil
solution and herbicide absorption by rice plants.
Fluometuron, imazethapyr, metolachlor, and norflurazon vary in their physical,
chemical, and soil characteristics (Ahrens 1994). The difference in*soil water between
the two rice seeding systems may have different effect on the soil concentration of these
herbicides. Herbicide uptake by plants occurs primarily from dissolved herbicide in soil
water (Grover 1970; Lavy 1970; Scott and Paetzold 1978; and Walker 1972). Processes
that control the concentration of herbicide in soil water are herbicide solubility, sorptive
capacity of the soil, and soil moisture content (Moyer 1987). Sorption of herbicides to
soil is often the main factor controlling herbicide concentration (Bailey and White 1964;
Helling 1971). However, water solubility of a herbicide will influence the time required
to dissolve in soil solution. Hartley (1976) reported that a uniform surface application of
2 kg ha*1of simazine with a water solubility of 3 pg g'1required approximately 100 d to
dissolve in a moist soil without additional water. In contrast, Hance (1976) reported that
metribuzin with a water solubility of 1220 pg g*‘ had dissolved within one hour in water
solution of an air-dry soil in a laboratory study. Sorption-desorption phenomena
generally dictates the amount of herbicide in soil solution; however, it does not
necessarily correlate with biological activity (Devine et al. 1993). Herbicide
concentration in soil was found to be inversely related to the sum of water content and
soil/water partition coefficient (Green and Obien 1969). Soil water content had little
effect on herbicide in soil solution for soils or herbicides with high adsorptive capacity,
but the opposite was observed for soils and herbicides with weak binding capacity. Dao
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and Lavy (1978) found that a decrease in waterrsoil ratio and soil water content increased
adsorption of herbicides to soil particles. In addition, Leistra (1980) indicated that when
the soil/water coefficient of a herbicide is greater, its mobility tends to be less affected by
soil water content.
Site of herbicide uptake and distribution of plant roots may also affect rice
response to herbicide carryover. Studies have shown the primary site of uptake of
metolachlor to be the coleoptile region of monocots (Dixon and Stoller 1982; Phillai et al.
1979). Kerchersid et al. (1981) found that grain sorghum injury increased as metolachlortreated soil depth above grain sorghum seed increased. Metolachlor is primarily
absorbed by rice plants through the emerging coleoptile (Braverman et al. 198S),
therefore, the lack of coleoptile development in water-seeded rice may help to reduce
injury from metolachlor carryover. Holly (1976) suggested that variation in position of
roots or other organs absorbing herbicide in relation to the location and availability of
herbicide in soil is a mechanism for herbicide selectivity. Drill-seeded rice generally
develops a more extensive root system compared with water-seeded rice, which may
enhance capacity to absorb herbicides with high soil mobility. However, shallow-rooted
water-seeded rice may have greater absorption of herbicide located at the upper portion of
soil profile due to a reduced mobility.
The recent development of imidazolinone-tolerant rice provides the possibility of
using the imidazolinone herbicides for weed control. Imazethapyr is the first
imidazolinone herbicide to be selected for use in imidazolinone-tolerant rice because of
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crop tolerance, weed control spectrum, and soil and foliar activity (Hackworth et al.
1998).
Studies indicate that both soil and foliar application of imazethapyr can effectively
control red rice; however, soil-applied imazethapyr controlled less red rice compared with
a postemergence application (Hackworth et al. 1998). Red rice control increased with
imazethapyr applied EPOST after irrigation in drill-seeded rice1, indicating that weed
control in rice may be affected by soil moisture conditions.
The effect of soil moisture on activity of imidazolinone herbicides is influenced
by plant growth stage and weed species (Malefyt and Quakenbush 1991). Soil moisture
at 50, 75, and 100% field capacity did not reduce dry weight of blackgrass (Alopecurus
myosuroides Huds.) when treated with imazamethabenz-methyl {(±)-2-[4,5-dihydro-4methyl-4-( 1-methylethyl)-5-oxo-l//-imidazol-2-yl]-4(and 5)-methylbenzoic acid (3:2)}
PRE or POST (2 leaves to 1 tiller). However, when imazamethabenz-methyl was applied
to 1-leaf blackgrass, dry weight decreased as soil moisture increased. Waterlogged-soil
treatments had little effect on activity of imazamethabenz-methyl on wild oat (Avena
fatua L.). Imazamethabenz-methyl activity on blackgrass was increased under
waterlogged conditions more than when soil was maintained at field capacity. Control
with imazamethabenz-methyl was highest when soil was waterlogged after spraying.
Soil moisture affects activity of soil-applied herbicides by altering herbicide
concentration and mobility in soil (Moyer 1987). Herbicide concentration in soil was
found to be inversely related to the sum of moisture content and soil/water partition
1Webster, E. P. 1997. Unpublished data.
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coefficient; therefore, activity is affected more by soil moisture with soils or herbicides of
low compared with high sorptive capacity (Green and Obien 1969). Imazethapyr is highly
water soluble and weakly adsorbed to soil (Ahrens 1994); therefore, soil moisture change
may have a great effect on its soil concentration.
Research concerning the effect of soil moisture on the phytotoxicity of foliarapplied herbicides has focused on herbicide absorption, translocation, and metabolism
(Ahmadi et al. 1980; Hinz and Owen 1994; Levene and Owen 1995; Merritt 1986;
Peregoy et al. 1990). Low soil moisture reduced green foxtail [Setaria viridis (L.)
Beauv.] control with sethoxydim {2-[l-(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3hydroxy-2-cycIohexen-l-one} (Boydston 1990) and reduced absorption, percent recovery,
and translocation of l4C-sethoxydim in grain sorghum (Reynolds et al. 1988). Foliar
activity of fluazifop {(/2)-2-[4-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenoxy] propanoic
acid} was reduced by low soil moisture (Kells et al. 1984). Control of junglerice by
glyphosate [iV-(phosphonomethyl) glycine] was reduced with dry compared with moist
soil (Tanpipat et al. 1997), and absorption and translocation of uC-glyphosate by
common milkweed (Asclepias syriaca L.) was greater at 25% than 13% soil moisture
(Waldecker and Wyse 1985). Foliar absorption of imazethapyr is rapid and similar for
common cocklebur (Xanthium Strumarium L ), a susceptible species, and soybean, a
tolerant species; and soybean tolerance to imazethapyr is due to a slow translocation and
quick metabolism (Little and Shaner 1991). Thus soil moisture may affect foliar activity
of imazethapyr by affecting metabolic activity of plants.
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II
Little research has been conducted concerning soil moisture effect on bioactivity
of imazethapyr on common weeds in rice production. Soil moisture conditions can vary
greatly before or after herbicide applications in rice culture; therefore, it would be
important to determine the optimal soil moisture for maximum efficacy of imazethapyr in
an imidazolinone-tolerant rice production system.
This dissertation addresses the possible influences of rice cultural practices on
carryover potential of fluometuron, imazethapyr, metolachlor, and norflurazon to rice and
efficacy of imazethapyr for rice weed control. Results of this research will help justify
use of cultural practices to minimize carryover potential of the rotational crop herbicides
to rice and maximize efficacy of imazethapyr for weed control in imidazolinone- tolerant
rice.
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CHAPTER 2
RICE RESPONSE TO RICE HERBICIDES AND SIMULATED ROTATIONAL
CROP HERBICIDE RESIDUES IN WATER-SEEDED CULTURE
INTRODUCTION
Crop rotation is a vital component of modern agriculture since continuous
monoculture crop production usually results in declining yield. Alternating crops can
enhance physical and nutritional properties of soil, and is often used as a management
practice to improve weed, insect, and disease control (Delorit et al. 1974). In the southern
United States, rice is commonly grown in rotation with other agronomic crops, including
soybean {Glycine max L.), grain sorghum [Sorghum bicolor (L.) Moench.], and cotton
[Gossypium hirsutum ( L.) Merr.] (Johnson et al. 1995). Some of the herbicides used in
these rotational crops can persist in soil and injure rice the following year. Planting
restrictions for rice have been included in the herbicide labels of fluometuron {NJJdimethyl-Ap-[3-(trifluoromethyl)phenyl]urea}, imazethapyr {2-[4,5-dihydro-4-methyl-4(1 -methylethyl)-5-oxo- l//-imidazol-2-yl]-5-ethyl-3 -pyridinecarboxyllic acid},
metolachlor [2-chloro-M-(2-ethyl-6-methylphenyl)-iV-(2-methoxy-1-methylethyl)
acetamide], and norflurazon [4-chloro-5-(methylamino)-2-(3-(trifluoromethyl)phenyl)3(2//)-pyridazinone] (Table 2.1).
Fluometuron is labeled for use in cotton and norflurazon in cotton and soybean.
Fluometuron residues were found to injure rice, soybean, and cucumber {Cucumis sativus
L.) planted the same season of application (Rogers et al. 1986) and wheat {Triticum
aestivum L.) planted the following fall (Kendig and Talbert 1989). Norflurazon at 1.1
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Table 2.1. Planting restrictions of rice following application of rotational crop herbicides."
Herbicide

Rotational crop

Recommended rate

Rice planting interval

kg ai ha'1
Fluometuron

Cotton

1.35

one year

Imazethapyr

Soybean

0.07

40 months

Metolachlor

Soybean

2.80

next spring

Norflurazon

Cotton, soybean

1.68

16 months

*From the product labels:
Fluometuron (Cotoran), metolachlor (Dual II), and norflurazon (Zonal), Norvartis Crop Protection, P.O. Box 18300, NC 27419-8300.
Imazethapyr (Pursuit), American Cyanamid Company, P.O. Box 400, Princeton, NJ 08343-0400.

00
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and 2.2 kg ha'1injured wheat, grain sorghum, and com (Zea mays L.) 14 months after
application, and repeated applications of norflurazon increased its residue level and
rotational crop injury (Keeling et al. 1989). Baras and Lavy (1991) reported that rice
yield was reduced by a norflurazon concentration of 710 T^g g*1in soil in a simulated
carryover study. A two-year carryover study on silt loam and clay soils indicated that
norflurazon injured rice on both soil types and fluometuron only on clay soils, but rice
yield was not affected despite the early season dry matter reduction (Johnson et al. 199S).
Metolachlor can be applied early preplant, preplant incorporated (PPI), or
preemergence (PRE) at 1.4 to 4.5 kg ai ha'1in soybean to control yellow nutsedge
(Cyperus esculentus L.), small-seeded broadleaves, and many grasses (Ahrens 1994).
Metolachlor is often used to control red rice (Oryza saliva L.) in a soybean-rice rotation
(Griffin et al. 1986). Metolachlor applied to soybean injured rice planted the following
year in Arkansas when dry winter conditions occurred (Braverman et al. 1985). In
another study metolachlor at soil concentration of 0.2 pg g'1resulted in stunted rice plants
with dark green foliage, but plants resumed growth after 6 weeks (Braverman and Lavy
1982). In other studies metolachlor did not reduce rice grain yield when applied to
soybean the previous year at the recommended rates (Griffin and Robinson 1989; Kurtz
and Snipes 1987).
Imazethapyr can be applied PPI, PRE, and postemergence (POST) at 70 g ha'1to
control many annual broadleaf weeds and annual grasses in soybean and peanut (Arachis
hypogaea L.) (Ahrens 1994). Johnson et al. (1993) reported imazethapyr residues injured
com, cotton, grain sorghum, and rice 52 weeks after application in the second year of a
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two-year study. Imazethapyr caused early season injury to rice planted the following
year; however, rice recovered within 2 weeks with no yield reduction (Johnson et al.
1992). Com was injured by imazethapyr applied to soybean the previous year (Curran et
al. 1992); however, in another study com growth was not affected by imazethapyr
residues (Curran et al. 1991).
Interactions between herbicides in soil can occur. Ladlie et al. (1977) reported
that on a high pH soil, soybean treated with trifluralin [2,6-dinitro-Ar,Ar-dipropyl-4(trifluoromethyl)benzennamine] plus metribuzin [4-amino-6-(l,l-dimethyllethyl)-3(methylthio)-l,2,4-triazin-5(4//)-one] had less injury compared with only metribuzin.
Results from greenhouse studies showed that trifluralin also protected soybean from
atrazine [6-chloro-Ar-ethyl-iV’-(1 -methylethyl)-1,3,5-triazine-2,4-diamine] injury. These
responses were due to a reduction in uptake of atrazine and metribuzin as a result of the
reduced root development caused by the trifluralin. A bioassay study with rice root
length as indicator found a synergistic effect with trichloroacetic acid plus diuron [jV’(3,4-dichlorophenyl)-Ar,Ar-dimethylurea], and an antagonistic effect with 2,4-D [2,4dichlorophenoxy)acetic acid] plus diuron or amitrole (l//-l,2,4-trizol-3-amine)
(Hardcastle and Wilkinson 1970). O’Donovan and Prendeville (1976) reported reduced
foliar injury with trifluralin mixed with atrazine, simazine (6-chloro-AVV’-diethyl-1,3,5triazine-2,4-diamine), prometryne [NJf -bis( 1-methylethyl)-6-(methylthio)-1,3,5-triazine2,4-diamine], or linuron [N*-(3,4-dichlorophenyl)-iV-methoxy-iV-methylurea] applied to a
5-cm root region of vetch (Vida sativa L ), pea (Pisum sativum L.), and soybean.
Molinate (S-ethyl hexahydro-l//-azepine-1-carbothioate), quinclorac (3,7-dichloro-8-
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quinolinecarboxylic acid), and thiobencarb {S-[4-chlorophenyl)methyl]
diethylcarbamothioate} are rice herbicides commonly used PPI, PRE, or early POST.
Little information is available in respect to the possible interactions of these rice
herbicides with rotational crop herbicides. The objective of this research was to evaluate
response of rice to simulated carryover of rotational crop herbicides fluometuron,
imazethapyr, metolachlor, and norflurazon when in combination with commonly used
rice herbicides in water-seeded culture.
MATERIALS AND METHODS
Field studies were conducted in 1994 and 1996 at the Rice Research Station, near
Crowley, LA. Soil was a Crowley silt loam (fine, mixed, thermic Typic Albaqualfs) with
1.4% organic matter and pH S.S. The experimental design was a split plot with four
replications. The whole plots were rotational herbicide at 0.5, 0.25,0.125, and 0.063x
rates in order to simulate 1, 2, 3, and 4 half-lives of each herbicide, respectively. The
herbicides and recommended rates were fluometuron at 1.4 kg ha'1, imazethapyr at 0.07
kg ha'1, metolachlor at 2.8 kg ha'1, and norflurazon at 1.68 kg h a1. The subplots were rice
herbicides molinate at 4.5 kg ha1, quinclorac at 0.43 kg ha1, thiobencarb at 4.5 kg ha'1,
and a no-rice herbicide treatment. A nontreated control was added for comparison. Plot
size was 1.8 x 4.6 m.
Herbicide treatments were applied using a C 02 pressured backpack sprayer with a
spray volume of 94 L ha'1at a pressure of 140 kPa. Herbicides for simulated carryover
were applied on May 23, 1994, and May 14, 1996 and preplant incorporated (PPI) using a
PTO-tiller set at a depth of 7.5 cm. Following PPI of carryover herbicides molinate and
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thiobencarb were PPI, and plots were flooded to a 5-cm depth. Pregerminated ‘Maybelle’
rice was water-seeded into the flooded plots at a seeding rate of 182 kg ha'1the following
day. After 3 days the area was drained briefly to allow for seedling establishment. This
system represents water-seeded rice culture in Louisiana.
Rice injury was visually estimated 4 WAP on a scale of 0 to 100% where 0 = no
injury and 100 = plant death. Plant height from soil surface to the tip of the tallest leaf
was determined 8 WAP. Plants were counted and harvested from a 0.25 n r area 8 WAP
and dry weight was determined by oven-drying samples at 90 C for 24 h. Percent heading
was determined after the nontreated reached 50% heading. The experiment was
harvested August 29, 1994 and August 15, 1996. Rough rice grain yield was determined
by harvesting the center 0.74 x 4.6 m area of each plot with a small-plot rice combine.
Rice grain yields were corrected to 12% moisture. All data except rice injury were
converted to percent reduction compared with the nontreated control.
Data were subjected to the General Linear Models procedure (SAS Institute
1988), testing all possible interactions of rotational crop herbicide, rice herbicide, and
year. Tables appropriate for interactions were constructed, and treatment differences
were compared by Fisher’s Protected LSD at the 5% level of probability. Single degree
of freedom contrast analysis at 0.05 probability level was used to make comparisons
between selected treatments on rice injury, rough grain yield reduction, and rice heading
reduction. For rice injury and grain yield reduction, contrasts were made to compare
fluometuron, imazethapyr, or metolachlor with norflurazon at selected residue levels. For
rice heading reduction, contrasts were made to compare the combination effect of each
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rotational crop herbicide at selected residue levels and each rice herbicide with the
rotational crop herbicide alone (no rice herbicide).
RESULTS AND DISCUSSION
Effect of Rotational Crop Herbicides
No rotational crop herbicide by rice herbicide interaction was detected for rice
injury 4 WAP, reduction of plant dry weight, plant stand, and plant height 8 WAP, and
rough grain yield reduction. Effect of rotational crop herbicide on these parameters will
be presented by averaging across rice herbicide treatments. Due to a rotational crop
herbicide by year interaction, data will be presented by year.
Rice injury at 4 WAP by the rotational crop herbicides differed when compared
with the nontreated control or between different residue levels. At 4 WAP, rice was
injured 46 and 21% by fluometuron at 1 and 2 half-lives in 1994, respectively, and 64 to
13% at all residue levels in 1996 (Table 2.2). The greatest rice injury with fluometuron
was observed at 1 half-life, followed by that at 2 half-lives in both years. Rice injury with
fluometuron at 3 and 4 half-lives was significantly less than that at 1 and 2 half-lives and
did not differ from each other. Rice was injured 9 to 26% with imazethapyr in 1994 and
1996. No difference occurred within residue levels; however, imazethapyr at 3 half-lives
injured rice more than 4 half-lives in 1994. Metolachlor at 1 and 2 half-lives injured rice
93 to 29% in 1994 and 1996. Injury increased within residue levels of metolachlor in
1996 compared with 1994. This was probably due to a temporary drainage of the field in
1996, which could increase the fluometuron soil concentration, resulting in greater rice
injury. Among the four herbicides, norflurazon caused greater injury to rice in most
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Table 2.2 Effect of simulated carryover of rotational crop herbicides on rice injury, plant dry weight, plant stand, plant
height, and rough grain yield in 1994 and 1996.

Heibicide

Half
life

Rate

Rice injuiy
4 W AP
1996

1994
,

,

,i

Imazethapyr

Metolachlor

1994

1996

Plant stand
8 W AP
1994

Plant height
8 W AP

1996

O
/o/

K g 113

Fluometuron

Plant diy weight
8 W AP

Grain yield

1994

1996

1994

1996

o /b
/o

0.67

1

46

64

44

86

21

59

18

40

45

96

0.34

2

21

39

18

56

16

33

7

23

20

38

0.17

3

7

16

13

29

8

22

0

14

2

41

0.08

4

8

13

14

28

0

20

0

8

3

24

0.04

1

17

15

27

13

20

14

13

10

19

7

0.02

2

15

12

22

34

4

27

7

6

14

9

0.01

3

26

17

25

31

9

17

11

12

22

41

0.005

4

9

16

25

28

4

17

5

10

6

24

1.40

I

67

93

64

87

33

52

32

45

66

85

0,70

2

29

58

26

69

12

33

16

24

20

36

0.35

3

11

23

3

28

8

6

0

13

8

13

0.18

4

8

11

0

32

0

19

4

9

1

4

(table corn.)

K>
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Norflurazon

LSD (0,05)

0.84

1

100

100

93

100

100

100

100

100

100

100

0.42

2

90

84

84

82

70

62

53

40

94

81

0.21

3

26

37

33

40

20

21

9

18

20

31

0.11

4

15

13

7

18

7

0

3

10

6

17

13---------

32

21

9

19

* Abbreviations: WAP, weeks after planting.
b Dat are expressed as percent reduction compared with the nontreated control. Data represent an average across rice herbicides.
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cases. Norflurazon at all residue levels in both years injured rice 100 to 13%. Rice injury
was above 80% with norflurazon at 1 and 2 half-lives in 1994 and 1996 with no
difference within residue levels and across years. This increased injury was due to an
increased absorption of norflurazon by rice plants in the water-seeded culture as discussed
later.
Rice injury from the rotational crop herbicides resulted in reduction of plant dry
weight, plant stand, and plant height at 8 WAP. Fluometuron reduced plant dry weight at
1 half-life in 1994 and at 1 and 2 half-lives in 1996 (Table 2.2). Plant dry weight
reduction did not differ significantly among different residue levels of fluometuron in
1994, but fluometuron at 1 half-life reduced plant dry weight compared with 3 and 4 halflives in 1996. Plant stand and plant height had similar results as plant dry weight,
indicating both contributed to the reduced plant dry matter. Imazethapyr at 2 half-lives
reduced plant dry weight and plant stand in 1996 and no difference occurred with both
parameters between residue levels. Plant height reduction was not significant with
imazethapyr at 2 half-lives; therefore, stand loss was the major contributing factor for the
reduced plant dry weight with imazethapyr. Metolachlor at 1 half-life in 1994 and at 1, 2
and 3 half-lives in 1996 reduced plant dry weight. Plant dry weight reduction with
metolachlor at 1 half-life was greater than the three lower residue levels in 1994. Plant
dry weight reduction increased with metolachlor at 1 and 2 compared with 3 and 4 halflives. Stand reduction occurred with metolachlor at 1 half-life in 1994 and at I and 2
half-lives in 1996 with no difference within residue levels. Metolachlor at 1 and 2 halflives in 1994 and at all residue levels in 1996 reduced plant height, indicating that plant
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height reduction was a greater contributor to plant dry weight compared with plant stand
loss. Norflurazon at 1, 2, and 3 half-lives reduced plant dry weight in 1994 and 1996. An
increased reduction occurred with norflurazon at 1 and 2 compared with 3 and 4 halflives. A similar trend was observed on stand and plant height reduction with norflurazon,
indicating both contributed to the reduced plant dry matter.
All rotational crop herbicides had reduced rice grain yield. Fluometuron reduced
rice grain yield 45 and 20% at 1 and 2 half-lives in 1994, respectively, and 96 to 24% at
all residue levels in 1996 (Table 2.2). Yield reduction with fluometuron was greater at 1
half-life than any other residue level in both years; however, no difference in yield
reduction was found among the three lower residue levels. Imazethapyr reduced rice
grain yield 19 and 22% at 1 and 3 half-lives in 1994 and 41 and 24% at 3 and 4 half-lives
in 1996, respectively. No yield difference was found among residue levels of
imazethapyr in 1994; however, yield reduction at 3 half-lives was greater than 1 and 2
half-lives in 1996. Metolachlor at 1 and 2 half-lives reduced rice yield 85 to 20% in both
years. Greater yield reduction was found with metolachlor at 1 half-life compared with
any other residue level and at 2 compared with 4 half-lives in 1994. In 1996 the greatest
yield reduction with metolachlor was at 1 half-life, followed by that at 2 half-lives with
no difference between the two lower residue levels. Norflurazon at 1, 2, and 3 half-lives
reduced rice yield 100,94, and 20% in 1994 and 100, 81, and 31% in 1996, respectively.
Greater rice yield reduction was found at 1 and 2 compared with 3 and 4 half-lives.
Based on the data in Table 2.2 norflurazon appeared to cause greater damage to
rice than any other rotational crop herbicide, and there was a distinct difference in rice
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injury and yield reduction between the top and bottom two residue levels of most
herbicides. Thus a contrast analysis was performed to compare other herbicides to
norflurazon at different groups of residue levels for rice injury at 4 WAP and grain yield
reduction (Table 2.3). A difference in rice injury was found for fluometuron,
imazethapyr, metolachlor in comparison with norflurazon when averaged across residue
levels, indicating that norflurazon has the greatest carryover potential to water-seeded rice
among the rotational crop herbicides used. Based on the F-value, which is an indication
of the magnitude of difference between each herbicide and norflurazon, rice injury by the
rotational crop herbicides was in a descending order of norflurazon, metolachlor (F=149),
fluometuron (F=242), and imazethapyr (F=318). The F-values and probability levels (P)
in the contrast analysis also indicates that the difference in rice injury between each of the
three herbicides and norflurazon was much greater at residue levels of I and 2 compared
with 3 and 4 half-lives; therefore, the difference in rice injury between each herbicide and
norflurazon at 1 and 2 half-lives was the major contributor for the difference in rice injury
at the overall residue level. No difference in rice injury was found between fluometuron
and norflurazon (P^O.0621) and between imazethapyr and norflurazon (PsO. 1806) at 3
and 4 half-lives in 1996. Comparison of yield difference between each herbicide and
norflurazon in 1994 had similar result as rice injury 4 WAP (Table 2.3). In 1996, yield
reduction with fluometuron was greater compared with metolachlor at the overall residue
level as indicated by its smaller F-value when compared with norflurazon.
Results indicate that norflurazon causes increased rice injury among the rotational
crop herbicides used. This might be related to the increased availability of norflurazon in
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Table 2.3. Meaningful contrasts of treatment effects on rice injury four weeks after planting and grain yield reduction
in 1994 and 1996.
Rice injury 4 WAP1*
Contrasts*

Rice grain yield reduction

1996

1994

1994

1996

pb

p*

pb

pb

pb

F*>

pb

242

0.0001

145

0.0001

175

0.0001

12

0.0001

at 1 & 2 half-lives

330

0.0001

191

0.0001

259

0.0001

49

0.0001

at 3 & 4 half-lives

9

0.0033

4

0.0621

4

0.0446

8

0.0048

318

0.0001

438

0.0001

236

0.0001

154

0.0001

at 1 & 2 half-lives

480

0.0001

724

0.0001

388

0.0001

368

0.0001

at 3 & 4 half-lives

6

0.0143

2

0.1806

5

0.0225

2

0.1513

149

0.0001

32

0.0001

132

0.0001

55

0.0001

at 1 & 2 half-lives

192

0.0001

31

0.0001

187

0.0001

54

0.0001

at 3 & 4 half-lives

6

0.0008

6

0.0188

6

0.0117

10

0.0017

F6
Fluometuron vs norflurazon at overall residue level

Imazethapyr vs .norflurazon at overall residue level

Metolachlor vs norflurazon at overall residue level

* Single degree of freedom contrasts.
b Abbreviations: WAP, weeks after planting; F, F-value; P, probability level.

the saturated soil condition in water-seeded culture. Norflurazon has a low water
solubility of 28 mg L'1and has a soil adsorption coefficient of 2.0 in a silt loam soil
(Ahrens 1994). The saturated soil condition under the water-seeded culture probably
increased the amount of norflurazon in soil solution and made it available for plant
absorption. Bams and Lavy (1991) also observed that norflurazon injured rice more in
wet than in dry soil. Another contributing factor might be the distribution of the roots of
water-seeded rice. Water-seeded rice usually has a shallow root system because of the
soil surface planting and a continuous saturated soil condition. This shallow root system
could help to increase the absorption of norflurazon which has a tendency to stay in the
upper portion of the soil profile due to its low soil mobility (Schroeder and Banks 1986).
Norflurazon injured water-seeded rice at a residue level of 4 half-lives; therefore, it has a
potential to injure water-seeded rice even if the planting restriction is followed.
Norflurazon injured rice 16 mo after application in both silt loam and clay soils (Johnson
et al. 1995).
Fluometuron and metolachlor injured water-seeded rice and reduced rice yield at 1
and 2 half-lives. As the field half-life of fluometuron is 85 d and metolachlor 124 d
(Ahrens 1994), damage of water-seeded rice from the carryover of these two herbicides
may not occur if the planting restrictions are followed. Among the rotational crop
herbicides used, imazethapyr was least injurious to rice and no rate response was
observed for any of the parameters. High water solubility and weak soil sorption of
imazethapyr (Ahrens 1994) in combination with a saturated soil condition may reduce the
soil concentration of imazethapyr through dilution and leaching, thus reducing the
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availability of imazethapyr and resulting in lack of rate response. Soil water content
could decrease the soil concentration of weakly adsorbed herbicides (Green and Obien
1969) and increase the mobility of a herbicide with a small soil/water coefficient (Leistra
1980).
Rice Herbicide and Rotational Herbicide Combination Effect
Among the parameters examined, rice heading was the only one showed a
rotational crop herbicide by rice herbicide by year interaction. A contrast analysis was
performed to compare the combination effect of each rotational crop herbicide at chosen
residue levels and a rice herbicide with the rotational crop herbicide alone (no rice
herbicide) on rice heading reduction in 1994 and 1996 (Table 2.4). In 1994, fluometuron
at 1 and 2 half-lives in combination with all three rice herbicides reduced rice heading
compared with fluometuron alone. When combined with molinate and thiobencarb,
imazethapyr at 1 and 2 half-lives further reduced rice heading; however, no difference in
rice heading reduction was found between imazethapyr followed by quinclorac and
imazethapyr alone (PsO. 1802). Norflurazon at 3 and 4 half-lives in combination with
molinate reduced rice heading (Ps0.0450). For other rotational crop herbicide plus rice
herbicide combinations no difference in rice heading reduction was found when
compared with each rotational crop herbicide alone in 1994.
In 1996, fluometuron at 1 and 2 half-lives in combination with all three rice
herbicides reduced rice heading; however, at 3 and 4 half-lives, only fluometuron
followed by molinate or thiobencarb reduced rice heading reduction compared with
fluometuron alone (Table 2.4). When combined with molinate or thiobencarb
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Table 2.4. Meaningful contrasts of treatment effects on rice heading reduction in 1994 and 1996.
1996

1994
Rice heading
RH1’

Treatment/Contrasts*

Probability

NRb

(P)

Rice heading
RH”

NRb

(P)

%c

%c
Fluometuron at 1 & 2 half-lives + molinate vs + no rice heibicide

Probability

51

30

0.0390

93

87

0.0608

+ quinclorac vs + no rice heibicide

68

30

0.0003

99

87

0.0120

+ thiobencarb vs + no rice heibicide

60

30

0.0037

99

87

0.0115

2

3

0.9028

64

8

0.0001

+ quinclorac vs + no rice heibicide

2

3

0.9028

22

8

0.1444

+ thiobencaib vs + no rice heibicide

8

3

0.6253

83

8

0.0001

Imazethapyr at 1 & 2 half-lives + molinate vs + no rice heibicide

38

11

0.0226

47

17

0.0021

+ quinclorac vs + no rice heibicide

27

11

0.1802

23

17

0.5422

+ thiobencaib vs + no rice heibicide

45

11

0.0212

61

17

0.0001

Imazethapyr at 3 & 4 half-lives + molinate vs + no rice heibicide

44

23

0.8071

49

8

0.0001

+ quinclorac vs + no rice heibicide

50

23

0.5417

22

8

0.1372

+ thiobencaib vs + no rice heibicide

50

23

0.5417

68

8

0.0001

Fluometuron at 3 & 4 half-lives + molinate vs + no rice heibicide

(table cont.)
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Metolachlor at 1 & 2 half-lives + molinate vs + no rice heibicide

86

76

0.3414

100

100

1.0000

+ quinclorac vs + no rice herbicide

83

76

0.5417

100

100

1.0000

+ thiobencaib vs + no rice heibicide

93

76

0.1055

100

100

1.0000

9

3

0.5021

96

41

0.0001

+ quinclorac vs + no rice heibicide

4

3

0.9028

50

41

0.3434

+ thiobencaib vs + no rice herbicide

18

3

0.1280

88

41

0.0001

100

96

0.7141

100

100

1.0000

+ quinclorac vs + no rice heibicide

99

96

0.7324

100

100

1.0000

+ thiobencaib vs + no rice heibicide

100

96

0.7141

100

100

1.0000

35

15

0.0450

47

15

0.0012

+ quinclorac vs + no rice heibicide

24

15

0.3603

39

15

0.0617

+ thiobencaib vs + no rice heibicide

21

15

0.5417

75

15

0.0001

Metolachlor at 3 & 4 half-lives + molinate vs + no rice heibicide

Norflurazon at 1 & 2 half-lives + molinate vs + no rice heibicide

Norflurazon at 3 & 4 half-lives + molinate vs + no rice heibicide

* Single degree of freedom contrasts.
b Abbreviations: RH, rice heibicide as indicated in the Treatment/Contrasts; NR, no rice heibicide.
• Rice heading is expressed as percent reduction of the nontreated control.
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imazethapyr at the two groups of residue level reduced rice heading compared with
imazethapyr alone; however, no difference was found between imazethapyr followed by
quinclorac and imazethapyr alone. No difference in rice heading reduction was detected
between metolachlor or norflurazon at 1 and 2 half-lives in combination with any rice
herbicide compared with each rotational crop herbicide alone. However, molinate and
thiobencarb reduced rice heading when combined with metolachlor or norflurazon at 3
and 4 half-lives. No difference in rice heading reduction was found between metolachlor
or norflurazon at 3 and 4 half-lives followed by quinclorac compared with each rotational
crop herbicide alone.
The results indicate that fluometuron at 1 and 2 half-lives has a tendency to
interact with all three rice herbicides to further delay rice maturity. Imazethapyr at 1 and
2 half-lives when combined with molinate and thiobencarb and norflurazon with molinate
can reduce rice heading. No interaction between metolachlor or norflurazon at 1 and 2
half-lives with any rice herbicide was detected in both years. This is probably due to the
severe delay of rice maturity by the two herbicides at the high residue level alone as
indicated by the rice heading reduction without rice herbicides (Table 2.4). In 1996, all
rotational crop herbicides at 3 and 4 half-lives interacted with molinate and thiobencarb
and delayed rice maturity. No interaction of any of the rotational crop herbicides at 3 and
4 half-lives with quinclorac on rice heading was detected. The reduced interaction of
quinclorac with rotational crop herbicides compared with molinate and thiobencarb was
probably due to a reduced interaction time as the application of quinclorac was about 10 d
later than that of molinate and thiobencarb.
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Summary
Norflurazon, with the potential of causing rice injury and yield reduction at a
residue levels as low as 4 half-lives, has the greatest carryover potential to water-seeded
rice. Fluometuron and metolachlor at residue levels of I to 2 half-lives have potential to
injure rice and reduce rice yield in a water-seeded culture. Among the four rotational
crop herbicides, imazethapyr has the lowest carryover potential to rice in a water-seeded
culture. Rice injury and yield reduction with rotational crop herbicides was not affected
by the rice herbicides used. However, the combination of molinate or thiobencarb with
fluometuron, imazethapyr, metolachlor, and norflurazon at low residue levels can result
in further delay of rice maturity.
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CHAPTER 3
EFFECT OF ROTATIONAL CROP HERBICIDES ON WATER- AND DRILLSEEDED RICE
INTRODUCTION
In the southern United States, rice (Oryza sativa L.) is commonly grown in
rotation soybean (Glycine max L.), grain sorghum [Sorghum bicolor (L.) Moench ], and
cotton [Gossypium hirsutum (L.) Merr.] (Johnson et al. 1995). Some herbicides used on
these rotational crops can persist in soil and injure rice planted the following year. Rice
injury has been reported from carryover of fluometuron (iVjV-dimethyl-Ap-[3(trifluoromethyl)phenyl] urea}(Rogers et al. 1986; Johnson et al. 1995), norflurazon [4chloro-5-(methylamino)-2-(3-(trifluoromethyl)phenyl)-3(2//)-pyridazinone] (Bams and
Lavy 1991; Johnson etal. 1995), metolachlor [2-chloro-Ar-(2-ethyl-6-methylphenyl)-Ar-(2methoxy-l-methylethyl) acetamide] (Braverman et al. 1985), and imazethapyr {2-[4,5dihydro-4-methyl-4-( 1-methylethyl)-5-oxo- l//-imidazol-2-yl]-5-ethyl-3 pyridinecarboxyllic acid} (Johnson et al. 1993).
Most herbicide carryover studies with rice have been conducted in drill-seeded
culture in which dry rice seeds are planted into the soil at a depth of 1.5 to 2.5 cm. In
drill-seeded culture, the permanent flood is established on 4- to 5-leaf rice. Waterseeding is used as a cultural method to reduce red rice infestation (Bollich and Feagley
1994; Dunand 1988). In this culture, pregerminated rice seeds are aerially distributed into
a flooded field and allowed to sink to the soil surface. Rice is under flooded conditions
the entire growing season except for a 4 to 5 d drainage period to allow for seedling
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establishment. Water-seeded rice has a shorter coleoptile located above soil surface, and
a shallower root system compared with drill-seeded rice2. These differences in soil
moisture, coleoptile, and root development between the two seeding systems may
influence response of rice plants to herbicide carryover by affecting herbicide
concentration in soil solution and herbicide absorption by rice plants.
Herbicide carryover will be affected by herbicide concentration in soil. Herbicide
uptake occurs primarily from dissolved herbicide in soil water (Grover 1970; Lavy 1970;
Scott and Paetzold 1978; and Walker 1972). Processes that control the concentration of
herbicide in soil water are herbicide solubility, sorptive capacity of the soil, and soil
moisture content (Moyer 1987). Sorption of herbicides to soil is often the main factor
controlling herbicide concentration in soil (Bailey and White 1964; Helling 1971).
However, water solubility of a herbicide will influence the time required for it to dissolve
in soil solution. Hartley (1976) reported that a uniform surface application of 2 kg ha*1of
simazine with a water solubility of 3 pg g*1required approximately 100 d to dissolve in a
moist soil without additional water. In contrast, Hance (1976) reported that metribuzin
with a water solubility of 1220 pg g*1had dissolved within one hour in water solution of
an air-dry soil. Sorption-desorption generally dictates the amount of herbicide in soil
solution; however, it does not correlate well with biological activity (Devine et al. 1993).
Herbicide concentration in soil was found to be inversely related to the sum of water
content and soil/water partition coefficient (Green and Obien 1969). Soil water content
had little effect on herbicide in soil solution for soils or herbicides with high adsorptive
2Dunand, R. T. 1999. Personal communication.
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capacity, but the opposite was observed with soils and herbicides with weak binding
capacity. Dao and Lavy (1978) found that a decrease in water:soil ratio and soil water
content increased adsorption of herbicides to soil particles. When the soil/water
coefficient o f a herbicide is greater, its mobility in soil tends to be less affected by soil
water content (Leistra 1980).
Studies have shown the primary site of uptake of metolachlor to be the coleoptile
region of monocots (Dixon and Stoller 1982; Phillai et al. 1979). Kerchersid et al. (1981)
reported grain sorghum injury increased as metolachlor-treated soil depth above grain
sorghum seed increased. Metolachlor is primarily absorbed by rice plants through the
emerging coleoptile (Braverman et al. 1985), therefore, the lack of coleoptile
development in water-seeded rice may reduce injury from metolachlor carryover.
The position of root or other organisms absorbing herbicide in relation to the
location and availability of herbicide in soil is a mechanism for herbicide selectivity
(Holly 1976). Since drill-seeded rice generally develops a more extensive root system
compared to water-seeded rice, it may have an increased capacity to absorb herbicides
with high mobility in soil; however, shallow-rooted rice in a water-seeded culture may
have greater absorption of herbicide located at the upper portion of soil profile due to a
reduced mobility.
The four rotational crop herbicides fluometuron, imazethapyr, metolachlor, and
norflurazon vary in physical, chemical, and soil characteristics (Table 3.1); therefore,
their behavior in water- and drill-seeded culture may differ. The objective of this study
was to evaluate the response of rice to these herbicides in water- and drill-seeded culture.
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Table 3.1. Chemical, physical, and soil characteristics of fluometuron, imazethapyr, metolachlor, and norflurazon.a

Herbicide

Water solubility
(mg L*1)

Kdb

K «b

t,« b
(d)

Fluometuron

110

0.248

54

85

Imazethapyr

1400

0.140

10

60-90

Metolachlor

488

0.773

110

124

Norflurazon

28

2.000

290

45-180

* Source: Herbicide Handbook - 7th Edition. 1994. William H. Ahrens (ed.) Weed Sci Soc. Am. Champaign, IL.
b Abbreviations: Kd, soil sorption coefficient; K^, soil organic carbon sorption coefficient; tl/2l field half life.
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MATERIALS AND METHODS
Greenhouse Study
Two experiments were conducted in 1995 using a randomized complete block
experimental design with a factorial arrangement of treatments and four replications.
Factor A was seeding method: water-seeding or drill-seeding. Factor B was herbicide
treatment: fluometuron at 1.2, 0.6, 0.3, and 0.15 pg g*1; imazethapyr at 0.054, 0.027,
0.014, and 0.007 pg g*1; metolachlor at 2.0, 1.0, 0.5, and 0.25 pg g*1; and norflurazon at
1.6, 0.8, 0.4, and 0.2 pg g*1. A nontreated control was included as comparison for each
seeding method.
Soil was Crowley silt loam (fine, mixed, thermic Typic Albaqualfs) with 1.4%
organic matter and pH 5.5. The soil was air-dried and passed through a 4 mm sieve.
Each herbicide was dissolved in 95% acetone and dilutions were made to deliver the
proper amount required for each treatment in 5 ml solution. A 375 g soil sample was
placed in individual 2.4-L plastic bags and a single herbicide solution was pipetted onto
the soil in a spiral pattern. The bags remained unsealed for 6 h under a ventilation hood
to allow acetone to evaporate. After evaporation, the bags were sealed and thoroughly
mixed for 30 seconds. After mixing, 313 and 375 g of treated soil were placed into
individually numbered 453-ml plastic cups for drill- and water-seeding treatments,
respectively. For drill-seeded treatments, 15 pregerminated rice seeds per cup were
covered with 62 g of treated soil. The cups were watered as needed to keep soil moist but
not saturated. For water-seeded treatments, a 0.5 cm flood was established and each cup
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was planted with 15 pregerminated rice seeds. For the entire experiment, a 2-cra flood
was established at 2 to 3 leaf of rice and maintained for the remainder of the study.
Rice emergence rate determined 1 weeks after planting (WAP). Number of plants
per cup was thinned to 3. Plant shoots and roots were harvested 3 WAP and oven-dried
at 90 C for 24 h to determine dry weight. Data were converted to percent reduction
compared with the nontreated control. Data were subjected to ANOVA, testing all
possible interactions of seeding method by herbicide by experiment. Differences were
compared by Fisher’s Protected LSD at 5% level of probability.
Field Experiment
Experiments were conducted in 1996 and 1997 at the Rice Research Station, near
Crowley, LA. The experimental design was a split plot with four replications. The main
plot was seeding method: water- and drill-seeding. The subplot was simulated carryover
of fluometuron, imazethapyr, metolachlor, and norflurazon at 0.5, 0.25, 0.125, and 0.063
times the recommended rates to simulate 1, 2, 3, and 4 half-lives of each herbicide,
respectively. Recommended rates were fluometuron at 1.4 kg ha1, imazethapyr at 0.07
kg ha'1, metolachlor at 2.8 kg ha'1, and norflurazon at 1.68 kg ha'1. A nontreated control
was added as comparison for each seeding method. Plot size was 1.8 by 4.6 m.
Soil was a Crowley silt loam (fine, mixed, thermic Typic Albaqualfs) with 1.4%
organic matter and pH 5.5. All herbicide treatments were applied using a C 02 pressured
backpack sprayer with a application volume of 94 L ha'1at 140 kPa. Herbicides were
applied on May 7, 1996, and May 13, 1997 and incorporated using a PTO-tiller set at a
depth of 7.5 cm. ‘Maybelle’ rice was planted at 182 kg ha'1. Drill-seeded rice was
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planted immediately after herbicide incorporation with a drill set at a planting depth of
2.5-cm and row spacing of 18 cm. A 5-cm flood was established for the water-seeded
plots and pregerminated rice seeds were planted the following day at 182 kg ha'1. After
water-seeding the area was drained for 3 to 4 d to allow for seedling establishment and a
pinpoint flood was established following seedling establishment. The drill-seeded area
was flushed as needed and permanent flood was established when rice was 4 to 5 leaf.
Both the drill- and water-seeded areas were treated with quinclorac at 0.43 kg ha'1plus
bensulfiiron at 42.0 g ha*1when rice was 4 to 5 leaf to maintain weed free plots.
Rice injury was visually estimated 8 WAP on a scale of 0 to 100 where 0 = no
injury and 100 = plant death. Plant height from soil surface to the tip of the tallest leaf
and stand counts were determined 8 WAP. Plants were harvested from a 0.25 nr area 8
WAP and dry weight was determined by oven-drying the samples at 90 C for 24 h.
Rough rice grain yield was determined by harvesting the center area (0.74 by 4.6 m) of
each plot with a small-plot rice combine on August 15, 1996 and August 21, 1997. Rice
grain yields were corrected to 12% moisture. All data except rice injury were converted
to percent reduction compared with the nontreated control.
Data were subjected to ANOVA, testing all possible interactions of seeding
method by herbicide by year. Differences were compared by Fisher’s Protected LSD at
the 5% level of probability.
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RESULTS AND DISCUSSION
Greenhouse Study
No treatment by experiment interactions were observed; however, a seeding
method by herbicide interaction occurred and data were averaged over experiments.
Fluometuron did not affect rice seedling emergence regardless of application rate or
seeding method (Table 3.2). Fluometuron is a photosynthesis inhibitor with the D1
protein of the photosystem II complex in chloroplast thylakoid membrane as its site of
action (Ahrens 1994); therefore, it has little effect on seedling emergence. At 3 WAP,
shoot dry weight was reduced 21 to 86% with fluometuron at all residue levels with no
difference between seeding method for individual residue levels. Fluometuron also
reduced root dry weight of water-seeded rice at all residue levels and drill-seeded rice at
1.2, 0.6, and 0.3 pg g'1compared with the nontreated, but no difference was found
between seeding method within residue levels. A decreasing trend was observed for both
shoot and root dry weights as fluometuron residue level increases.
Imazethapyr did not affect emergence of water-seeded rice, but reduced
emergence of drill-seeded rice by 21 and 20% at 0.027 and 0.007 pg g‘‘, respectively
(Table 3.2). By interrupting the biosynthesis of branched-chain amino acids through
inhibiting acetolactate synthase (ALS), imazethapyr may interfere with the emergence
process, hence resulting in emergence failure of some drill-seeded rice seedlings. In
water-seeded culture, neither shoot nor root dry weight was affected by imazethapyr.
However, imazethapyr reduced shoot dry weight by 70, 32, and 23% at 0.054, 0.027, and
0.014 pg g*1, respectively, and root dry weight by 46% at 0.054 pg g‘l in drill-seeded
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Table 3.2. Effect of simulated carryover of rotational crop herbicides on seedling emergence, shoot dry weight,
and root dry weight of water- and drill-seeded rice in a greenhouse.
Shoot dry weight
3 WAP

Seedling emergence
Heibicide

Rate

Water

Drill

Water

0.3

0
0
0

Metolachlor

Water

Drill

0.15

6

85

86

81

83

6

70

60

67

56

14

45

33

53

36

2

12

26

21

37

13

0.054

3

7

13

70

8

46

0.027

0

21

5

32

10

20

0.014

4

1

10

23

1

0.007

3

20

6

8

12

0
0

2.0

24

100

92

100

77

100

1.0

23

95

91

98

60

94

0.5

3

84

72

92

48

79

0.25

5

67

43

63

35

49

1.2
0.6

Imazethapyr

Drill

%b

Pgg1
Fluometuron

Root dry weight
3 WAP

(table cont.)

On
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Norflurazon

1.6

1

8

97

92

100

100

0.8

1

2

97

92

100

100

0.4

7

9

78

68

88

69

0.2

5

3

31

28

30

21

LSD (0.05)_______________________

19

—

17

* Abbreviation: WAP, weeks after planting.
b Data are expressed as percent reduction compared with the nontreated control and averaged across two experiments.
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48
culture. Similar root dry weights were obtained for the nontreated controls of the two
seeding methods (data not shown). The greater negative response of drill-seeded rice to
imazethapyr was probably due to the position of its roots. The unsaturated soil condition
during seedling establishment of drill-seeded rice would allow rice to develop a deep root
system. As imazethapyr is highly water soluble and weakly adsorbed to soil (Table 3.1),
it can move downward with surface applied water and be available to the deeper rooted
rice plants. The concentration of imazethapyr may be reduced under saturated waterseeded culture through dilution, resulting in less imazethapyr availability.
Water- and drill-seeded rice responded differently to metolachlor. Metolachlor
caused greater emergence reduction in drill- compared with water-seeded rice.
Emergence of water-seeded rice was reduced 24 and 23% with metolachlor at 2 and 1pg
g '\ respectively (Table 3.2). Drill-seeded rice emergence was reduced 67 to 100% with
metolachlor at all residue levels, which were significantly greater compared with waterseeded rice. Metolachlor at all residue levels reduced shoot dry weight 63 to 100% and
43 to 92% in drill- and water-seeded rice, respectively. Greater reduction of shoot dry
weight was found with metolachlor at 0.5 and 0.25 pg g'1in drill- compared with waterseeded rice. Similar trend was observed with root dry weight; however, no difference
was detected between seeding methods within residue levels due to a large variation in
root dry weight. Greater response of drill-seeded rice to metolachlor can be attributed to
increased absorption through the coleoptile. The longer coleoptile in drill- compared
with water-seeded rice can increase the absorption since the emerging coleoptile of
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monocots has been proven to be the primary site of uptake for metolachlor (Dixon and
StoUer 1982).
Norflurazon did not affect rice emergence, but reduced shoot dry weight 3 WAP
at all residue levels (Table 3.2). Root dry weight 3 WAP was also reduced by norflurazon
at 1.6, 0.8, and 0.4 pg g'1. No difference was detected between the two seeding methods
within residue levels.
Field Experiment
A herbicide by seeding method by year interaction was observed for rice injury 8
WAP and rice yield reduction, and data were presented by year. A herbicide by seeding
method interaction occurred for plant height, plant stand, and plant dry weight, and data
were averaged over years.
Fluometuron at 1 and 2 half-lives injured rice 23 to 76% in 1996 and 1997 at 8
WAP (Table 3.3). Greater injury in drill- compared with water-seeded rice was observed
with fluometuron at 1 and 2 half-lives in 1997 but not in 1996. At 8 WAP, plant stand,
height, and dry weight were reduced by fluometuron at 1 and 2 half-lives with no
difference between seeding methods within residue levels (Table 3.4). Fluometuron
reduced rough grain yield of water-seeded rice 56 and 26% at 1 and 2 half-lives,
respectively, and 69% at 1 half-life in 1996 in drill-seeded rice (Table 3.3). In 1997,
however, fluometuron caused greater yield reduction in drill- compared with waterseeded rice. Rice yield was reduced 72 and 44% with fluometuron at 2 and 3 half-lives in
the drill-seeded, compared with 39 and 0% at the same residue levels in the water-seeded.
In 1997, continuous rainfall occurred after rice seeding, which might have increased the
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Table 3.3. Effect of simulated carryover of rotational crop herbicides on injury eight weeks after planting and rough
grain yield of water- and drill-seeded rice in 1996 and 1997.
Rice injuiy 8 W AP
Half
Herbicide

Rate

life

19%
Water

1997_______
Drill

kg h a 1
Fluometuron

Imazethapyr

Metolachlor

Rough grain yield

Water

Drill

1996
Water

1997
Drill

Water

%

Drill
%b

0.68

1

66

76

55

75

56

69

62

83

0.34

2

28

30

23

40

26

13

39

72

0.17

3

10

4

4

14

3

0

0

44

0.08

4

5

3

4

0

5

0

0

0

0.04

I

9

23

5

35

8

0

0

69

0.02

2

5

4

6

1

0

0

10

0

0.01

3

1

3

1

0

1

0

0

8

0.005

4

0

0

0

0

0

0

0

8

1.40

1

93

99

60

99

82

99

64

100

0.70

2

51

92

18

99

42

92

0

93

0.35

3

24

78

5

70

13

71

0

63

0.18

4

5

40

1

34

7

33

0

11

(table cont.)
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Norflurazon

LSD (0.05)

0.84

1

99

97

99

99

99

92

100

100

0.42

2

75

74

99

95

72

35

100

86

0.21

3

30

20

56

56

22

7

65

32

0.11

4

4

1

6

20

3

0

9

18

17

* Abbreviation: WAP, weeks after planting.
b Rough grain yield is expressed as percent reduction compared with the nontreated control.
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Table 3.4. Effect of simulated carryover of rotational crop herbicides on plant height, plant stand, and plant
dry weight of water- and drill-seeded rice eight weeks after planting.

Heibicide

Rate

life

Plant stand
8 W AP

Plant height
8 WAP

Half

Water

Drill

Water

Fluometuron

Imazethapyr

Metolachlor

Drill

Water

Drill

o/b
/o

Kg lut
If A

Plant diy weight
8WAP

||A * |

0.68

1

55

59

31

38

76

85

0.34

2

31

31

14

18

25

38

0.17

3

19

10

5

7

15

12

0.08

4

10

3

1

4

4

0

0.04

1

19

28

6

9

27

23

0.02

2

17

10

1

3

12

0

0.01

3

12

3

0

4

0

0

0.005

4

12

0

1

1

0

0

1.40

1

71

99

33

82

86

99

0.70

2

38

93

18

54

57

92

0.35

3

36

59

9

16

29

73

0.18

4

21

34

1

7

20

27
(table cont.)

to
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Norflurazon

LSD (0.05)

0.84

1

99

90

79

68

99

92

0.42

2

81

59

60

38

84

77

0.21

3

45

24

13

18

53

27

0.11

4

14

0

4

4

14

0

19

11

18

* Abbreviation: WAP, weeks after planting.
b Data are expressed as percent reduction compared with the nontreated control and averaged across years.
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downward movement of fluometuron in the soil profile, hence increased its availability to
drill-seeded rice, resulting in greater injury and yield reduction.
At 8 WAP, imazethapyr at all residue levels did not injure water-seeded rice, but
injured drill- seeded rice 23 and 35% at 1 half-life in 1996 and 1997, respectively (Table
3.3). Plant height and dry weight were reduced by imazethapyr at 1 half-life with no
difference between seeding methods (Table 3.4). Rice yield of the drill-seeded was
reduced 69% with imazethapyr 1 half-life in 1997. As discussed in the greenhouse study,
imazethapyr is highly water soluble and weakly adsorbed to soil, which increases its
availability to drill-seeded rice through an increased concentration in soil solution and a
downward movement into the root zone with irrigation or rainfall water.
At 8 WAP, metolachlor at all residue levels injured drill-seeded rice and at I and
2 half-lives injured water-seeded rice in 1996 and 1997 (Table 3.3). Greater injury was
observed in drill- compared with water-seeded rice with metolachlor at all residue levels
in 1997 and at 2, 3, and 4 half-lives in 1996. Metolachlor reduced plant heights at all
residue levels and seeding methods (Table 3.4). Rice heights were reduced over 90%
with metolachlor at 1 and 2 half-lives in the drill-seeded. Plant stand loss was 33 and
18% with metolachlor at 1 and 2 half-lives in the water-seeded. Metolachlor at 1 and 2
half-lives in the drill-seeded had stand loses of 82 and 54%, respectively. Plant dry
weight was reduced by metolachlor at all residue levels in both water- and drill-seeded
rice with greater reduction at 3 and 4 half-lives in drill-seeded rice.
Rough grain yield of drill-seeded rice was reduced 33 to 99% with metolachlor at
all residue levels in 1996 and 63 to 100% at 1, 2, and 3 half-lives in 1997 (Table 3.3).
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Grain yield of the water-seeded rice was reduced at 1 and 2 half-lives in 1996 and at 1
half-life in 1997. Greater yield reduction was observed in drill- compared with waterseeded at 2, 3, and 4 half-lives in 1996 and at I, 2, and 3 half-lives in 1997. Drill-seeded
rice was more adversely affected by metolachlor compared with water-seeded rice
because of increased uptake through the emerging coleoptile. The emerging coleoptile of
monocots has been proven to be the primary site of uptake for metolachlor (Dixon and
Stoller 1982). Rice plants originated from seeds placed deep below the soil surface have
extensive coleoptile elongation compared to plants originating from seeds placed near the
soil surface, and seed placement on soil surface results in little coleoptile elongation
(Dunand 1999).
At 8 WAP, norflurazon at 1,2, and 3 half-lives injured both water- and drillseeded rice with no difference between the two seeding methods within rates in both 1996
and 1997 (Table 3.3); however, at 4 half-lives only drill-seeded rice in 1997 was injured.
Plant height, stand, and dry weight were also reduced with norflurazon at three higher
residue levels (Table 3.4). Norflurazon caused greater reduction in height at 2 and 3 halflives, stand at 1 and 2 half-lives, and plant dry weight at 3 half-lives in water- compared
with drill-seeded rice. Rough grain yield of rice was reduced with norflurazon at 1 and 2
half-lives in both water- and drill-seeded rice in 1996 (Table 3.3). In 1997, grain yield of
both water- and drill-seeded rice was reduced at three higher residue levels of
norflurazon. Greater yield reduction in water-seeded rice was observed with norflurazon
at 2 and 3 half-lives in 1996 and 1997, respectively. The wet soil condition due to
rainfall in 1997 probably resulted in increased injury and yield reduction by norflurazon
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in drill-seeded rice compared to 1996. Norflurazon is strongly adsorbed by soil and has
low soil mobility (Table 3.1). A higher concentration of norflurazon remains in the upper
portion of the soil profile. The saturated soil condition in water-seeded culture increased
the availability of norflurazon through desorption of herbicide from soil particles and
results in an increased absorption by the shallow-rooted plants in water-seeded culture.
Summary
In the greenhouse study, greater reduction in germination and shoot dry weight
was observed with metolachlor and imazethapyr in drill- compared with water-seeded
rice. In the field study, rice injury was found with imazethapyr at 1 half-life only in drillseeded culture. Metolachlor at most residue levels caused much greater injury and yield
reduction in drill-seeded rice. However, norflurazon at 2 and 3 half-lives caused greater
yield reduction in water-seeded rice. The differential response of water- and drill-seeded
rice to simulated carryover of the rotational crop herbicides indicates a possibility of
using seeding method as a strategy to reduce the risk from herbicide carryover.
Compared with drill-seeded rice, water-seeded rice has less risk to be damaged by
carryover from herbicides with high water solubility and low soil sorption such as
imazethapyr or herbicides absorbed by rice through emerging coleoptile such as
metolachlor, but is more likely to be injured by herbicides with low water solubility and
high soil adsorption such as norflurazon. Thus choosing the right seeding method based
on a specific rotational crop herbicide should help to minimize the carryover potential.
Water-seeded rice can be used to reduce carryover potential of imazethapyr and
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metolachlor. Use of drill-seeding can reduce the risk of rice injury from norflurazon
carryover.
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CHAPTER 4
EFFECT OF SOIL MOISTURE ON EFFICACY OF IMAZETHAPYR APPLIED
TO SOIL OR FOLIAGE
INTRODUCTION
Imazethapyr is a broad-spectrum herbicide that controls many annual and
perennial grass and broadleaf weeds preemergence (PRE) or postemergence (POST)
(Kent et al. 1991). Conventional rice (Oryza saliva L.)is susceptible to imazethapyr
(Johnson et al. 1993). The recent development of imidazolinone tolerant rice provides
the possibility of using the imidazolinone herbicides for weed control in rice.
Imazethapyr is the first imidazolinone herbicide to be selected for use in
imidazoiinone-tolerant rice because of crop tolerance, weed control spectrum, and
effectiveness as a soil or foliar treatment (Hackworth et al. 1998). Both soil and foliar
application of imazethapyr control red rice; however, soil-applied imazethapyr controls
less red rice compared with foliar application at the same rates (Hackworth et al. 1998).
Red rice control increases with imazethapyr applied early POST after flushing in drillseeded rice.
The influence of soil moisture on the activity of imidazolinone herbicides is
affected by plant growth stage and weed species (Malefyt and Quakenbush 1991). Soil
moisture at SO, 75, and 100% field capacity did not reduce dry weight of blackgrass
(Alopecurus myosuroides Huds.) when treated with imazamethabenz-methyl PRE or
POST to plants when plants had 2 leaves to 1 tiller. However, when imazamethabenzmethyl was applied to 1-leaf blackgrass, dry weight decreased as soil moisture increased.
Waterlogged-soil treatments had little effect on activity of imazamethabenz-methyl on
59
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wild oat (Avenafatua L ). Imazamethabenz-methyl activity on blackgrass increased more
under waterlogged conditions than when soil was maintained at field capacity. Control
with imazamethabenz-methyl was highest when waterlogging of soil was initiated after
spraying.
Soil moisture content affects activity of soil-applied herbicides by altering
herbicide concentration and mobility in soil (Moyer 1987). Herbicide concentration in
soil was found to be inversely related to the sum of moisture content and soil/water
partition coefficient; therefore, activity was affected more by soil moisture for soils or
herbicides with low adsorptive capacity (Green and Obien 1969). Dao and Lavy (1978)
reported that a decrease in water/soil ratio and soil moisture content increased adsorption
of herbicides to soil particles. When soil/water coefficient of a herbicide is small, its
mobility is more affected by soil moisture content (Leistra 1980).
Research concerning the effect of soil moisture on the phytotoxicity of foliarapplied herbicides has focused on herbicide absorption, translocation, and metabolism
(Ahmadi et al. 1980; Hinz and Owen 1994; Levene and Owen 1995; Merritt 1986;
Peregoy et al. 1990). Low soil moisture reduced green foxtail [Setaria viridis (L.)
Beauv.] control with sethoxydim {2-[l-(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3hydroxy-2-cyclohexen-1 -one} (Boydston 1990) and reduced absorption, percent recovery,
and translocation of 14C-sethoxydim in grain sorghum (Reynolds et al. 1988). Foliar
activity of fluazifop {(7?)-2-[4-[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenoxy] propanoic
acid} was reduced by low soil moisture (Kells et al. 1984). Control of junglerice by
glyphosate [JV-(phosphonomethyi) glycine] was reduced with dry compared with moist
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soil (Tanpipat et al. 1997), and absorption and translocation of 14C-glyphosate by
common milkweed (Asclepias syriaca L.) was greater at 25% than 13% soil moisture
(Waldeckerand Wyse 1985).
Little information is available concerning the effect of soil moisture on control of
common weeds with imazethapyr in rice culture. Since soil moisture conditions can vary
before or after herbicide applications, it is important to determine the optimal soil
moisture for maximum efficacy of imazethapyr in an imidazolinone-tolerant rice
production system. The objective of this study was to evaluate the effect of soil moisture
on activity of imazethapyr soil- or foliar-applied for bamyardgrass, red rice, and hemp
sesbania.
MATERIALS AND METHODS
A study was conducted in the greenhouse in Baton Rouge, LA, to evaluate the
effect of soil moisture on weed control with imazethapyr applied preplant incorporated
(PPI) or postemergence (POST). To assure plant survival after treatment and soil
moisture effect on herbicide activity, imazethapyr was applied at two reduced rates, 35
and 53 g kg'1. Weeds evaluated were bamyardgrass, red rice, and hemp sesbania. These
were selected because they vary in tolerance to imazethapyr (Hart et al. 1991) and are
important in Louisiana rice production. The greenhouse was kept at a daytime and night
temperature of 25 ± 5 and 30 ± 5 C, respectively, and a relative humidity of 60 ± 10%.
Day length was extended to 14 h with metal halide lamps at a minimum intensity of 270
pmol *2 s'1photosynthetic photon flux.
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Crowley silt loam soil (fine, mixed, thermic Typic Albaqualfs) with 1.4% organic
matter, pH 5.5, and 1.37 g cm'3 bulk density was collected from the top 10-cm soil profile
at the Rice Research Station near Crowley, LA. The collected soil was air-dried and
passed through a 4 mm sieve. A moisture retention curve was developed for the soil
using a ceramic pressure plate apparatus in the range of 0.1 to 5.0 bars. Moisture tension
of the soil was then determined gravimetrically using the standard curve. At zero water
potential or field capacity, soil moisture content was 25%.
Individual 20-kg samples of soil were treated with 100 ml of distilled water mixed
with the appropriate amount of imazethapyr to deliver soil concentrations of 23 and 15 qg
g'1(w/w) equivalent to 53 and 35 g ha'1, respectively. The soil samples were sprayed
while being thoroughly mixed for 5 minutes in a cement mixer to ensure uniform
incorporation of imazethapyr. Two liters of water were sprayed onto the soil during the
mixing process to moisturize the soil for seedling establishment. After mixing, 400 g of
the treated soil was placed in a 453-ml plastic cup. Three pregerminated seeds of each
weed were placed on the soil surface of individual cups and covered with 30 g soil. The
cups were packed to a volume of 274 ml to match the specific field bulk density. All the
cups were kept moist to ensure seedling emergence. After seedling emergence, plants
were thinned to 1 per cup. Based on treatments, soil moisture was adjusted 1 day after
the thinning to 50, 25, 19, or 13% (w/w) gravimetrically by weighing and adding water to
each cup on a daily basis. Cups for POST treatments were handled using the same
procedure except that no PPI imazethapyr was applied. Imazethapyr at 35 and 53 g ha'1
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plus a nonionic surfactant3 at 0.25% v/v was applied to 3- to 4-leaf plants using a C02
pressured backpack sprayer with an application volume of 140 L ha'1 at 175 kPa.
Weed control was visually estimated 2 weeks after treatment (WAT) on a scale of
0 to 100 % where 0 = no control and 100 = plant death. Chlorosis, necrosis, and
reduction in plant height were used to determine control. Additionally, plant height was
measured from soil surface to the tip of the tallest leaf 2 WAT. At 3 WAT, the above
ground portion of each plant was harvested, oven-dried for 24 h at 90 C, and weights
were recorded. Plant height and dry weight were converted to percent reduction of the
nontreated control.
The experimental design was a randomized complete block with a 3-factor
factorial arrangement of treatments with 4 replications. Factor A was imazethapyr
application method: PPI or POST, factor B was imazethapyr rate of 35 or 53 g ha*1, and
factor C was soil moisture content at 50, 25, 19, or 13% (w/w). A nontreated control was
included as a comparison for each soil moisture under each herbicide application method.
The experiment was repeated. Data were subjected to ANOVA, testing all possible
interactions. Treatment differences were compared by Fisher’s Protected LSD at the 5%
level of probability. No interaction of experiment by application method by rate by soil
moisture occurred for weed control, height, or dry weight; and data were averaged over
experiment and presented by timing by rate by soil moisture.

3Latron AG-98, Rohm and Haas Company, Philadelphia, PA.
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RESULTS AND DISCUSSION
Weed Control
Bamyardgrass control 2 WAT following imazethapyr PPI differed under different
soil moisture regimes (Table 4.1). Control of bamyardgrass with imazethapyr at 35 g ha'1
was 59 and 69% at 13 and 19% soil moisture, respectively, but when soil moisture
increased to 25 and 50% control was decreased to 42 and 25%, respectively. Imazethapyr
at 53 g ha*1controlled bamyardgrass 70 to 79% at 25% soil moisture or less; however,
when soil moisture increased to 50% bamyardgrass control decreased to 33%. The
reduced activity of imazethapyr PPI on bamyardgrass control under a saturated soil
condition is probably due to dilution of the herbicide in the soil solution. Imazethapyr is
highly water soluble and weakly adsorbed to soil (Ahrens 1994); therefore, an increase in
soil moisture can dilute herbicide concentration, resulting in less availability to plants.
Control of bamyardgrass 2 WAT with imazethapyr POST ranged 87 to 95% and was not
affected by either application rate or soil moisture content (Table 4.1). Increased control
of bamyardgrass with imazethapyr POST is due to more rapid absorption and
translocation of imazethapyr through foliage than roots (Little and Shaner 1991). Foliar
absorption and translocation of imazethapyr by sensitive species is rapid and the amount
required for phytotoxicity is small (Ahrens 1994), which probably reduced any difference
in bamyardgrass control within the rates and soil moisture contents used.
Control of red rice 2 WAT with imazethapyr PPI was also affected by soil
moisture. Imazethapyr at 35 g ha*1controlled red rice 68 to 74% at soil moisture 25% or
less; however, control was reduced to 24% when soil moisture increased to 50% (Table
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Table 4.1. Bamyardgrass, red rice, and hemp sesbania control under various soil moisture regimes two and
three weeks following imazethapyr applied preplant incorporated (PPI) and postemergence (POST).
Weed control
Bamyardgrass
Treatment

Rate

^
Imazethapyr PPI

2 W AP

3 W AP

2 W AP

%
35

53

Imazethapyr POST

Soil moisture

Red rice

35

Hemp sesbania

3 W AP

%

2 W AP

3 W AP

.....

50

25

16

24

16

2

3

25

42

28

68

59

3

1

19

69

54

74

67

5

3

13

59

54

68

64

3

14

50

33

19

35

23

3

6

25

70

48

81

72

4

5

19

79

58

84

69

2

3

13

74

78

76

74

5

18

50

87

98

68

92

5

4

25

95

98

73

95

14

2

19

92

93

72

93

14

2

13

89

95

74

89

8

6

(table cont.)
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4.1). Red rice control with imazethapyr at 53 g ha'1was 76 to 84 at soil moisture 25% or
less; however, control decreased to 35% when soil moisture increased to 50%. Red rice
control is reduced under the saturated soil condition in the same manner as barayardgrass.
Red rice control 2 WAT with imazethapyr POST ranged 68 to 75% and difference
between rates and soil moisture was not observed (Table 4.1). The lower control of red
rice compared with bamyardgrass at 2 WAT indicates that it may be less sensitive to
imazethapyr.
At 2 WAT, hemp sesbania was not controlled by imazethapyr PPI regardless of
application rate and soil moisture (Table 4.1). Lack of response of hemp sesbania to
imazethapyr PPI is due to its natural tolerance to the herbicide (Hart et al. 1991);
therefore, effect of soil moisture on the herbicide activity was not observed. Control of
hemp sesbania with imazethapyr POST differed as soil moisture changed (Table 4.1).
Hemp sesbania control was higher with soil moisture of 25 and 19% compared with 50%
and 13%; however, control was below 50%. Plant species are more sensitive to foliarthan soil- applied imazethapyr; and tolerance of legumes to imazethapyr is due to slow
translocation (Little and Shaner 1991). Soil moisture at 25 and 19% provided hemp
sesbania plants an optimal growth condition, resulting in increased herbicide
translocation, hence better control. However, when placed under dry or saturated soil
condition, a reduced control of hemp sesbania was observed because of a slow herbicide
translocation as a result of plant stress.
Weed control with imazethapyr at 3 WAT (Table 4.1) showed similar trend as that
at 2 WAT. However, some differences were observed. Overall control of bamyardgrass
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and red rice with imazethapyr PPI at 3 WAT was reduced compared with 2 WAT. And a
reduced control of bamyardgrass with imazethapyr PPI at S3 g ha*1was observed when
soil moisture decreased from 13 to 50%. With imazethapyr POST, red rice control at 3
WAT was increased to 90% or higher compared with 68 to 75% at 2 WAT. In addition, a
14 to 18% control of hemp sesbania was observed with imazethapyr PPI at 13% soil
moisture.
Plant Height and Dry Weight Reduction
Plant height at 2 WAT (Table 4.2) and plant dry weight at 3 WAT (Table 4.3)
were also used to determine effects of imazethapyr under different soil moisture regimes.
Imazethapyr PPI at both application rates caused the greatest reduction in plant height and
plant dry weight of bamyardgrass at 13 and 19% soil moisture, followed by 25% and
50%, respectively. The increased soil moisture at or above 25% diluted available
imazethapyr in the soil, resulting in greater plant height and dry weight reduction of
bamyardgrass. When imazethapyr was applied POST, reduction of plant height and dry
weight of bamyardgrass was not affected by soil moisture and application rate.
Reduction of plant height (Table 4.2) and dry weight (Table 4.3) of red rice with
imazethapyr PPI did not differ at 25% or lower soil moisture levels; however, when soil
moisture was increased to 50% greater reduction was observed. The saturated soil
condition diluted imazethapyr in the soil solution and resulted in less reduction in plant
height and dry weight of red rice. At 2 WAT, imazethapyr POST reduced plant height of
red rice 53 to 60% with no difference between application rates or soil moisture (Table
4.2). At 3 WAT, plant dry weight reduction of red rice was lower at 13% compared with
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Table 4.2. Effect of imazethapyr applied preplant incorporated (PPI) and postemergence (POST) on plant
height of bamyardgrass, red rice, and hemp sesbania under various soil moisture regimes two weeks after
treatment (WAT).
Plant height
Treatment

Rate
_ _

Imazethapyr PPI

35

53

Imazethapyr POST

35

Soil moisture

Bamyardgrass

_

Red rice
-

Hemp sesbania

%» ------

50

18

21

10

25

35

59

12

19

55

64

20

13

55

57

10

50

23

26

14

25

56

67

17

19

67

71

21

13

70

67

16

50

68

57

5

25

70

53

18

19

71

54

23

13

74

56

8
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Table 4.3. Effect of imazethapyr applied preplant incorporated (PPI) and postemergence (POST) on plant
dry weight of bamyardgrass, red rice, and hemp sesbania under various soil moisture regimes three weeks
after treatment (WAT).
Plant diy weight
Treatment

Imazethapyr PPI

Rate

Soil moisture

gha-*

%

35

50

53

Imazethapyr POST

35

Bamyardgrass

Red rice

Hemp sesbania

%*
28

—

37

5

25

41

77

1

19

64

78

10

13

53

73

15

50

41

52

7

25

69

85

11

19

87

88

15

13

82

83

27

50

97

92

4

25

98

90

3

19

95

91

15

13

97

75

11

(table cont.)
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the above soil moisture levels with imazethapyr at 35 g ha'1(Table 4.3). Lower dry
weight reduction was also observed at 13% compared with 19% soil moisture with
imazethapyr at 53 kg ha'1. This implies that over the long term a dry soil condition may
reduce the activity of imazethapyr POST on red rice. Compared with bamyardgrass,
overall percent plant height and dry weight reduction of red rice with imazethapyr was
less, indicating a lower sensitivity.
At 2 WAT, hemp sesbania height was reduced 20% at 19% soil moisture
compared with a 10% reduction at 13 and 50% soil moisture with 35 g ha'1imazethapyr
PPI (Table 4.3). Plant height reduction of hemp sesbania was 14 to 21% with 53 g ha'1
imazethapyr PPI with no difference across soil moistures. At 3 WAT, imazethapyr PPI at
35 g ha'1reduced hemp sesbania dry weight 15% at 13% soil moisture; and imazethapyr
PPI at 53 g ha'1reduced plant dry weight 27% at soil moisture of 13% (Table 4.4), which
was higher than any other moisture level regardless of rate. Plant height reduction of
hemp sesbania was greater at soil moisture of 19 and 25 compared with 13 and 50% with
imazethapyr POST at both application rates (Table 4.3). The dry and saturated soil
moisture condition probably reduced the translocation of imazethapyr, resulting in less
reduction of hemp sesbania height. At 3 WAT, 35 g ha'1imazethapyr POST reduced
hemp sesbania dry weight at 19% soil moisture (Table 4.4). Dry weight reduction of
hemp sesbania with 53 g ha'1imazethapyr POST was 38 to 44% at soil moisture 19% and
above, but when soil moisture decreased to 13% dry weight reduction decreased. This
indicates drought stress probably has greater effect on the efficacy of foliar-applied
imazethapyr on hemp sesbania than waterlogged stress.
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Summary
Response of bamyardgrass and red rice to imazethapyr PPI was affected by soil
moisture. At 2 WAT, reduced control of bamyardgrass with imazethapyr PPI was
observed at 50% compared with other soil moisture regimes, and less plant height
reduction was found as soil moisture increased from 19 to 50%. At 3 WAT,
bamyardgrass control and height reduction decreased with the increase of soil moisture
from 19 to 50%. Red rice control, height reduction, and dry weight reduction were lower
at 50% compared with other soil moisture. Imazethapyr PPI had little activity on hemp
sesbania. Activity of imazethapyr on all three weeds was increased when applied POST
compared with PPI. Activity of imazethapyr POST on bamyardgrass and red rice was
generally not affected by soil moisture or application rates; however, less reduction in red
rice dry weight was observed at 13% soil moisture. Greater activity of imazethapyr
POST on hemp sesbania was observed at soil moisture of 19 and 25% compared with 13
and 50%. These results suggest that saturated field conditions should be avoided in order
to increase the activity of soil-applied imazethapyr on bamyardgrass and red rice. Better
control of bamyardgrass, red rice, and hemp sesbania can be obtained through POST
application of imazethapyr. Dry soil conditions may reduce efficacy of imazethapyr
POST on red rice. Control of hemp sesbania with imazethapyr POST can be improved
when plants are not under drought or waterlogged stress. To maximize the activity of
imazethapyr for weed control in the imidazolinone-tolerant rice production system, soil
moisture should be considered as an important factor, especially when imazethapyr is soil
applied.
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CHAPTER 5
SUMMARY
A two-year field study was conducted to evaluate the effect of rice herbicides,
molinate, quinclorac, and thiobencarb on carryover potential of rotational crop herbicides,
fluometuron, imazethapyr, metolachlor, and norflurazon to rice. Fluometuron,
imazethapyr, metolachlor, and norflurazon were applied at 0.5, 0.25, 0.125, and 0.063
times recommended rates PPI to simulate herbicide residue levels of 1, 2, 3, and 4 halflives, respectively. Molinate and thiobencarb at 4.5 kg ha'1were applied PPI and
quinclorac at 0.43 kg ha*1EPOST. An interaction between rice herbicides and rotational
crop herbicides was not observed for rice injury at 4 WAP, reduction of plant dry weight,
stand, or height at 8 WAP, and rice grain yield. However, molinate or thiobencarb in
combination with fluometuron, imazethapyr, metolachlor or norflurazon at the lower
residue levels further delayed rice heading both years compared with the corresponding
rotational crop herbicide treatment alone. Fluometuron at 1 and 2 half-lives injured rice
64 to 21% 4 WAP and reduced rice yield 96 to 20%. Metolachlor at 1 and 2 half-lives
caused 93 to 29% rice injury 4 WAP and 85 to 20% rice yield reduction. A 13 to 100%
rice injury 4 WAP and a 15 to 100% rice yield reduction were observed with norflurazon
at all residue levels. Rice response to imazethapyr was not rate related, and injury 4 WAP
and yield reduction varied from 15 to 26% and 22 to 41%, respectively.
A greenhouse and a two-year field study were conducted to evaluate rice response
to the simulated carryover of fluometuron, imazethapyr, metolachlor, and norflurazon in
drill- and water-seeded culture. In the greenhouse study, fluometuron and norflurazon did
77
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not affect rice emergence, but reduced rice shoot and root dry weight 3 WAP at all the
residue levels regardless of seeding methods. Imazethapyr caused greater reduction in
emergence at 0.027 pg g'1and in shoot dry weight 3 WAP at 0.054 and 0.027 pg g'1in
drill- compared with water-seeded rice. Rice germination was reduced more in drillseeded culture with metolachlor at all residue levels, and greater reduction in shoot dry
weight was also observed in drill-seeded rice with metolachlor at 0.5 and 0.25 pg g'1. In
the field study, fluometuron at 1 and 2 half-lives reduced rice yield 83 and 72%,
respectively, in drill-seeded culture compared with 39 and 62% in water-seeded culture in
the second year. Imazethapyr at 1 half-life caused greater than 22% injury to drill-seeded
rice both years, but rice yield was reduced only in the second year. Metolachlor injured
water-seeded rice 18 and 93% at 1 and 2 half-lives, respectively, and drill-seeded rice 34
to 99% at all residue levels. Greater rice injury and yield reduction were observed in
drill- compared with water-seeded rice with metolachlor at most residue levels.
Norflurazon at 2 or 3 half-lives caused greater rice yield reduction in water-seeded rice in
the first and second year, respectively.
A greenhouse study evaluated the effect of soil moisture on activity of
imazethapyr applied PPI or POST at 35 and 53 g ha*1. Three weeds, bamyardgrass, red
rice, and hemp sesbania, and four soil moisture levels, 50, 25, 19, and 13%, were
evaluated. Response of bamyardgrass and red rice to imazethapyr PPI was affected by
soil moisture. At 2 WAT, a reduced control of bamyardgrass with imazethapyr PPI was
observed at 50% soil moisture, and less plant height reduction was found as soil moisture
increased from 19 to 50%. At 3 WAT, bamyardgrass control and height reduction
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decreased with the increase of soil moisture from 19 to 50%. Red rice control, height
reduction, and dry weight reduction were lower at 50% compared with other soil
moisture. Imazethapyr PPI had little activity on hemp sesbania. Activity of imazethapyr
on all three weeds was increased when applied POST compared with PPI. Activity of
imazethapyr POST on bamyardgrass and red rice was generally not affected by soil
moisture or application rates; however, less reduction in red rice dry weight was observed
at 13% soil moisture. Greater activity of imazethapyr POST on hemp sesbania was
observed at soil moisture of 19 and 25 compared with 13 and 50%.
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